ABSTRACT Antigenic determinants of influenza virus hemagglutinin were expressed in Escherichia coli. DNA coding for presequences of hemagglutinin were removed and an ATG codon was placed before DNA coding for mature hemagglutinin. A number of expression plasmids were constructed in which various segments of this reconstructed hemagglutinin DNA were fused to DNA coding for bacterial -galactosidase. The fusion proteins exhibited specific binding to antiviral antibodies. This binding could be competitively inhibited by excess viral hemagglutinin, demonstrating that these fusion proteins contained antigenic determinants of hemagglutinin. Influenza occurs in recurrent epidemics which start abruptly, spread rapidly, and frequently are of worldwide distribution. Despite the proven value of the inavailable inactivated viral vaccines, a number of factors such as the nature of short-lived protection and complications including the development ofpyrogenic reactions and Guillain-Barr6 syndrome have limited their use and possibly their effectiveness.
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Because hemagglutinin (HA) is the most important protein involved in developing immunity against influenza virus (1), we recently constructed a bacterial plasmid (pHA2-29) containing the structural gene for the HA ofthe A/WSN/33 strain (HON1) of human influenza virus (2) . HA DNA is inserted in the Pst I site of pBR322 by means of dG-dC tailing. The clone contains the entire structural part of the HA gene with only 13 nucleotides missing at the 3' end of the coding strand (cRNA). These 13 are beyond the poly(A) addition (or transcription termination) site and therefore are not present in the HA mRNA. The sequence of the HA insert of this clone has been completed (3, 4) . The A/WSN HA gene is 1775 nucleotides long and codes for 565 amino acids. The cRNA contains a 5' noncoding region of 32 nucleotides, a coding region of 1695 nucleotides, and a 3' noncoding region of 48 nucleotides. The sequence shows a 17-amino acid signal prepeptide at the amino terminus followed by HA1 (325 amino acids), a single arginine connecting residue, and HA2 (222 amino acids) at the carboxy terminus.
To express HA antigenic determinants in bacterial cells we used a synthetic DNA primer to remove DNA coding for the 5' untranslated region of mRNA and the prepeptide and also to add ATG (methionine) before the DNA of the mature HA. We placed this reconstructed HA DNA behind a bacterial promoter-operator with a bacterial ribosome binding site. In addition, we fused the amino-terminal portion of this mature HA to bacterial proteins. We finally tested the products for antigenic determinants of HA.
MATERIALS AND METHODS
Removal of DNA Coding for HA Presequences. Presequences of HA were deleted by cleavage of pHA2-29 (50 ,ug) with Pst I followed by treatment with 2.0 units of A exonuclease (New England BioLabs) for 30 min at 37°C. Subsequently, this DNA was used as a template to catalyze primer repair (5) with 32P-labeled (6) 
and cleaved with Sst I for construction of expression plasmids.
Partial Purification of Fusion Proteins and Immunoprecipitation. Fusion proteins were partially purified by a modification of the procedure of Wetzel et aL (7) . The protein was then fractionated on a column of Sephacryl S-200 equilibrated with 0.25 M Tris borate, pH 8.9/0.016 M EDTA/0.4% NaDodSO4. Protein that eluted in the void volume was enriched in fusion protein as determined by electrophoresis on NaDodSO4poly-acrylamide gels (8) . Proteins were iodinated (9) by using chloroglycoluril (Iodogen, Pierce Chemicals). Immunoprecipitation was performed with protein A-Sepharose (10).
RESULTS
Construction of DNA Coding for Mature HA. Because the hydrophobic prepeptide is absent from mature HA (11), we wanted to express HA antigenic determinants in Escherichia coli without the signal peptide. Therefore, HA presequences were removed by using a synthetic deoxynucleotide primer that contains the coding sequence for methionine followed by that of the first four amino acids of mature HA (Asp-Thr-Ile-Cys) (Fig. 1A) . The Klenow fragment of DNA polymerase I was used to catalyze repair of the cDNA strand from the primer, to remove the extending 3' DNA strand with the associated 3'-*5' exonuclease activity of the enzyme, and, finally, to synthesize the complement of the 5' A-A-T-G end of the primer, leaving a double-stranded end T-T-ATC-CG-TG-T-). This recon structed DNA was cleaved at the Sst I site at 318 base pairs (bp) and fractionated on a polyacrylamide gel, and the desired 318-bp fragment (2, Fig. 1A; Fig. 1B (5, 12) . This fragment was ligated (6, 13) through its blunt end to the reconstructed HA DNA (2, Fig. 1 formed through ligation ofcohesive termini, the correct ligation product (5, Fig. 2 ) was recovered from a polyacrylamide gel. Ligation of this DNA fragment (5, Fig. 2 ) to an Sst I-Pst I adapter fragment (7, Fig. 2 ) yielded direct expression plasmids (8, Fig. 2 ). DNA in the junction region of a number of these plasmids was subjected to sequence analysis by the method of Maxam and Gilbert (14) . Most of the plasmids (pHAt2, 8, Fig. 2) contained the expected sequence at the junction-i.e., the trp promoter sequence followed by the filled in Xba I restriction site sequence (T-C-T-A-G) followed by the primer sequence (A-A-T-G-G-A-C-A---). A few, however, were lacking one or more nucleotides at the junction site. In particular, pHAt, (8, Fig. 2 ) was lacking one A, having the sequence T-C-T-A-G-A-T-G at the junction site. By using procedures similar to those for construction of pHAt, (2) , plasmid pHA26 (not shown) was constructed with pGH6 (13) . pHA26 contained the expected DNA sequence at the junction-i. e., the lac promoter-operator and a ribosome binding site followed by ATG (initiation codon) and the DNA coding for amino acids 1-396 of mature HA.
Cells transformed with trp and lac direct expression plasmids pHAt, or pHAt2 (8, Fig. 2 ) and pHA26 contained no new visible proteins in NaDodSOjpolyacrylamide gels, although a variable amount of activity (less than 100 copies per cell) was detected in a solid-phase radioimmunoassay system (15 data). If susceptibility to bacterial proteases is the cause of low yields, as suggested previously for direct expression of other proteins in E. coli (13, 16) , then fusion to a bacterial protein may stabilize the protein and correct the low-yield problem. This approach was also attractive because of a large CNBr peptide (amino acids 1-226 in A/WSN HA) that could be isolated from bacterial fusion proteins. The largest CNBr peptide (amino acids 1-168) isolated from HA of H3 virus was shown to retain antigenic properties (17, 18) .
Construction of HA Fusion Proteins. To construct fusion proteins, DNA coding for amino acids 1-396 of HA from pHAt, was joined to DNA coding for the trp E gene from pNCV (12) . The steps in this construction are outlined in Fig. 3A . pNCV is a plasmid containing the trp promoter-operator and the trp L and trp E genes with the deletion trpALE 1413 (19) . Synthetic DNA has been added in this plasmid construction such that the codons for the last three amino acids and the termination codon (GAG ACT FCC TGA) of the trp E gene have been replaced with the sequence G
-A-A-T-T-C-T-G-C-A-G-A-A-T-T-C (12).
The sequence of several plasmids containing HA DNA was determined in the region ofthe fusion ofthe HA to the trp E gene.
One (pHATF1, 12, Fig. 3A ) was found to have the correct sequence with an EcoRI site directly flanking the ATG initiation codon before HA. The desired fusion protein was detected in NaDodSOjpolyacrylamide gels. Because the amount was low (data not shown), this protein was not further characterized. The DNA fragment containing HA was also joined to a larger bacterial protein derived from the lac operon to construct plasmid pHBFc21 (15, Fig. 3B ). DNA fragment 14 ( Fig. 3B ) was obtained from EcoRI digestion of pHATFI (12, Fig. 3A ) and joined to DNA coding for the first 1006 amino acids of/galactosidase from plasmid ppBgal 13C (13, Fig. 3B) a single EcoRI site that was used for inserting the HA DNA in phase at codon 1006 ofthe (galactosidase structural gene. Samples (3 ml) ofE. coli 294 (20) containing HA DNA in the correct orientation (pHBFc21) and reverse orientation (pHBFc2O) were grown and lysates of total cells were analyzed on NaDodSOJ polyacrylamide gels (Fig. 4D) . Only E. coli 294/pHBFc21 was found to have new proteins, the largest of which comigrated with the /-f3' subunits of RNA polymerase (Mr, 155,000-165,000) as expected for this HA-(3-galactosidase fusion protein (Mrv 158,600).
In addition, a plasmid (pHBFbl, 17, Fig. 3B ) was constructed that contained a fusion of the 3-galactosidase structural gene in phase with DNA coding for amino acids 59-211 ofHA (Fig. 3B) . The DNA fragment coding for these HA amino acids was obtained by digestion ofpHA2-29 with Hpa II and treatment with Klenow DNA polymerase 1. Again, only in the lysate of cells transformed with pHBFbl (correct orientation) and not pHBFb9 (reverse orientation) was a new protein with the molecular weight of the expected fusion protein (131,600) observed (Fig.  4A) . Similarly, another plasmid (pHBFd3) that was constructed by fusing DNA coding for (3-galactosidase in phase with DNA coding for amino acids 1-211 of HA with an intervening ATG codon produced a fusion protein ofMr 137,900 (data not shown).
The production of both fusion proteins c21 and bi was enhanced by the lac operon inducer iPrSGal (Fig. 4 B and D) .
Additionally, new proteins oflower molecular weight (130,000-150,000) were found in total lysates of E. coli 294/pHBFc21. Also, as with other (3-galactosidase fusion proteins (6, 7, 21), both c21 (not shown) and bl appeared to be insoluble and found mostly in the pellet fraction.
Immunological Characterization of Fusion Proteins. To study the immunological properties ofthese proteins they were partially purified and radioiodinated. Fusion protein bl (Mr 131,600) was specifically precipitated by anti-WSN IgG but not in the absence of antiserum or in the presence ofnormal rabbit IgG (Fig. 5A) . When the enriched fraction of E. coli 294/ pHBFc21 was precipitated, at least three proteins ranging from 130,000 to 160,000 in molecular weight were precipitated in the presence ofanti-WSN IgG, whereas no c21 fusion proteins were precipitated in the absence of antiserum (not shown) or in the presence of normal rabbit IgG (Fig. SB) . Furthermore the ,&' subunits of RNA polymerase, although comigrating with the largest c21 fusion protein, were not immunoprecipitable with anti-WSN IgG (Fig. 5A) . The heterogeneity in c21 fusion protein may be due to instability imparted by a portion of the HA sequence. Because fusion protein produced by using pHBFbl (HA amino acids 59-211) and pHBFd3 ( 
